We provide the first evidence for the capability of a high-resolution positron emission tomographic (PET) imaging system in quantitatively mapping amyloid accumulation in living amyloid precursor protein transgenic (Tg) mice. After the intravenous administration of N-[ Our results support the usefulness of the small animal-dedicated PET system in conjunction with high-specific radioactivity probes and appropriate Tg models not only for clarifying the mechanistic properties of amyloidogenesis in mouse models but also for preclinical tests of emerging diagnostic and therapeutic approaches to AD.
Introduction
The diagnosis of Alzheimer's disease (AD) does not become definite unless neuropathologists examine the autopsied brain and score AD-characteristic amyloid lesions, which are known as senile plaques and neurofibrillary tangles that are mechanistically implicated in neurodegenerative processes. Meanwhile, attempts to noninvasively visualize amyloid deposition in human brains using positron emission tomography have been made by developing imaging agents capable of reacting with amyloid fibrils (Sair et al., 2004; Nichols et al., 2006) , among which N- [ 11 C]methyl-2-(4Ј-methylaminophenyl)-6-hydroxybenzothiazole (or [ 11 C]PIB for "Pittsburgh Compound-B") is the most intensively evaluated in human positron emission tomographic (PET) studies (Klunk et al., 2004; Price et al., 2005; Engler et al., 2006; Mintun et al., 2006) . The ability of [ 11 C]PIB to detect amyloid in patients with mild cognitive impairment (MCI) and in a nondemented population (Mintun et al., 2006) has suggested the potential of this probe for identifying the AD pathology antecedent to the clinical onset. Meanwhile, notable accumulation of this and other amyloid tracers in some amyloid-unrelated regions of human brains (Shoghi-Jadid et al., 2002; Klunk et al., 2004; Verhoeff et al., 2004) might arouse controversy over the specificity of this imaging technique for neurodegenerative pathologies. To efficiently exploit radioligands suitable for the purpose of establishing an early and sensitive marker of brain amyloidosis, or an objective measure of neuropathological severity in the progression of AD, preclinical screening of the candidate compounds by using in vivo systems is highly requisite. Such systems could also promote a proof-ofconcept study on novel treatments (Scarpini et al., 2003) capable of suppressing neurotoxic amyloid aggregates.
There have been numerous lines of transgenic (Tg) mice that overexpress human mutant amyloid precursor protein (APP) causative of familial AD and recapitulate plaque pathology in AD brains (Hsiao et al., 1996; Sturchler-Pierrat et al., 1997) . As shown by several investigations (Bacskai et al., 2003; Higuchi et al., 2005; Hintersteiner et al., 2005) , use of fluorescent and magnetic resonance imaging (MRI) probes offers methodologies to capture brain amyloid in these animals. However, optical and MRI tracers need to be administered to achieve ϳ1 M levels, which is much higher than that required for PET tracers (ϳ1 nM levels) and thus might influence the course of amyloid pathogenesis particularly in longitudinal multiscan experiments. Although improvements of both detection instruments and imaging agents to increase sensitivity of these modalities are ongoing, visualization of mouse amyloid by positron emission tomography would open a new avenue for monitoring the dynamic status of amyloid deposition in living brains with minimal interference. Additional major benefits of PET imaging are also offered by the flexibility in designing imaging probes for specific purposes, allowing us to target different molecules of interest in the same individuals. This is of pivotal importance in the mechanistic evaluation of amyloid ␤ peptide (A␤) immunization and other related anti-amyloid treatments (Dodel et al., 2003) , because a PET ligand for peripheral benzodiazepine receptor (PBR), termed [
18 F]fluoroethyl-(FE)-DAA1106, which we have recently developed for capturing glial activation (Zhang et al., 2004) , can be used in combination with amyloid probes to longitudinally assess the contribution of neuroinflammation to therapeutic and adverse effects.
The aim of this study was to prove the power of animal PET technology in pursuit of amyloidogenesis and evaluation of emerging anti-amyloid treatments. Two independent groups demonstrated that [ 11 C]PIB PET data in brains of mice developing abundant plaque lesions were virtually indistinguishable from those in wild-type (WT) mouse brains Toyama et al., 2005) . A possible reason for the insensitivity of PET imaging in capturing mouse amyloid may lie in the paucity of high-affinity binding sites for the radioligand in APP Tg mouse brains compared with AD brains . Thus, we have overcome this problem by administering [ 11 C]PIB synthesized with high specific radioactivity and consequently less nonradioactive competitors, which facilitates binding of the radioactive compound to the target molecule. Furthermore, advantages of in vivo PET measurement of amyloid have been reinforced by paralleling assays using [ 11 C]PIB and [ 18 F]FE-DAA1106 to follow the course of A␤ immunization.
Materials and Methods
Animals. The animals were maintained and handled in accordance with the recommendations of the National Institutes of Health and institutional guidelines of the National Institute of Radiological Sciences. All animal experiments conducted here were approved by the Animal Ethics Committee of the National Institute of Radiological Sciences.
Tg mice termed APP23 mice, which overexpress the Swedish doubly mutant APP751 under the control of a neuron-specific Thy-1 promoter element, were generated as described in detail previously (SturchlerPierrat et al., 1997) . The strain was maintained on a C57BL/6J background, and female mice were used for the experiments. Female non-Tg littermates were also used as WT controls.
Generation of MRI template. A 12-month-old C57BL/6J mouse was lethally anesthetized by pentobarbital. The mouse head was embedded in 3% aqueous agarose and scanned by a 9.4 tesla AVANCE 400WB imaging spectrometer (Bruker BioSpin, Ettlingen, Germany), as described previously (Higuchi et al., 2005) . Coronal T2-weighted MR images were acquired by using a three-dimensional (3D) fast spin-echo sequence with the following imaging parameters: echo time, 5.5 ms; repetition time, 3000 ms; RARE (rapid acquisition with relaxation enhancement) factor, 32; field of view (FOV), 20 ϫ 20 ϫ 25 mm 3 ; matrix dimensions, 256 ϫ 512 ϫ 60; nominal resolution, 78 ϫ 39 ϫ 417 m. The MRI data were used as an anatomical template for the subsequent PET studies.
Ex vivo autoradiography and histochemical examinations. Ex vivo assessment of regional brain radioactivity concentration was conducted in Tg and WT mice. The animals were given injections of [ 11 C]PIB (18.5-37 MBq) in the tail vein under anesthesia with 1-1.5% (v/v) isoflurane in air (2 ml/min flow rate). After the tracer injection, the mice were killed by decapitation, and brains were immediately removed and frozen in powdered dry ice. Frozen brain tissue was coronally cut into 20-mthick sections by HM560 cryotome (Carl Zeiss, Jena, Germany). The slices were subsequently dried under warm blowing air and contacted to an imaging plate (FujiFilm, Tokyo, Japan) for 2 h. The imaging plate data were scanned by a BAS5000 system (FujiFilm). The intensity of radioactive signals was measured by Multi Gauge software (FujiFilm). The radiotracer uptake was calculated as percentage of injected dose (%ID) per tissue volume (ml) uncorrected (%ID/ml) and corrected (%ID ⅐ kg/ml) for body weight.
After the radioactivity was allowed to decay, brain sections used for the autographic assay were fixed with 4% paraformaldehyde in PBS and stained with either 0.01% (E,E)-1-fluoro-2,5-bis(3-hydroxycarbonyl-4-hydroxy)styrylbenzene (FSB; Dojindo Laboratories, Kumamoto, Japan) (Sato et al., 2004; Higuchi et al., 2005) , a fluorinated analog of the well characterized amyloid-binding compound termed X-34 (Styren et al., 2000; Ikonomovic et al., 2006) , or 0.01% BTA-1 (Sigma-Aldrich, St. Louis, MO) in 50% ethanol, as described previously (Sato et al., 2004; Higuchi et al., 2005) . The FSB-stained samples were also immunostained with a mouse monoclonal anti-A␤ antibody (6E10; Signet Laboratories, Dedham, MA).
Radiochemical synthesis. (Noguchi and Suzuki, 2003; Zhang and Suzuki, 2005) . Subsequently, [
11 C]methyl triflate was synthesized for radiochemical reaction and was transferred into 300 l of anhydrous acetone containing 1 mg of 2-(4-aminophenyl)-6-methoxymethoxybenzothiazole. After the trapping was finished, a solution of methanol/HCl (500 l, 2:1 methanol/concentrated HCl) was used to remove the protective group, and the reaction was heated at 100°C for 2 min. HPLC purification was performed on a YMC-Pack ODS-AQ-324 column (10 mm ID ϫ 300 mm) (YMC, Kyoto, Japan) using a mobile phase of 50:50 acetonitrile/H 2 O at a flow rate of 6.0 ml/min. The radioactive fraction corresponding to [ 11 C]PIB was collected in a sterile flask containing 75 l of polysorbate 80 and 300 l of ethanol, evaporated to dryness under vacuum, redissolved in 10 ml of sterile normal saline, and passed through a 0.22 m Millipore (Billerica, MA) FG filter for quality analysis and animal experiments. The radiochemical purity of the resultant compound was 97.6 Ϯ 0.18%, and the specific radioactivity was 291 Ϯ 10.3 GBq/mol at the end of synthesis. Nonradioactive PIB and the precursor used for the radiosynthesis were custom made by KNC Laboratories (Kobe, Japan).
[ 18 F]FE-DAA1106, a PET ligand for PBR, was radiosynthesized using its desmethyl precursor, DAA1123 (generously provided by Taisho Pharmaceutical, Tokyo, Japan), as described previously in detail (Zhang et al., 2004) . The radiochemical purity of the end product exceeded 95%, and the specific radioactivity was 120 Ϯ 20.5 GBq/mol at the end of synthesis.
Small-animal PET imaging. All PET scans were performed using a micro-PET Focus 220 animal scanner (Siemens Medical Solutions USA, Knoxville, TN) designed for rodents and small monkeys, which provides 95 transaxial slices 0.815 mm (center-to-center) apart, a 19.0 cm transaxial FOV, and a 7.6 cm axial FOV (Tai et al., 2005) . Before the scans, the mice were anesthetized with 1.5% (v/v) . All list-mode data were sorted into 3D sinograms, which were then Fourier rebinned into two-dimensional sinograms (frames: 10 ϫ 1, 8 ϫ 5, and 1 ϫ 10 min). Summation images from 0 to 30 min and from 30 to 60 min after [
11 C]PIB injection were reconstructed with maximum a posteriori (MAP) reconstruction, and dynamic images were reconstructed with filtered backprojection using a 0.5 mm Hanning's filter. Volumes of interest were placed on multiple brain areas using PMOD image analysis software (PMOD Group, Zurich, Switzerland) with reference to the MRI template.
To assess the capability of the present imaging system in monitoring the effects of anti-amyloid treatment, we scanned WT and Tg mice at multiple time points during the time course of passive A␤ immunization. Intrahippocampal injection of anti-A␤ antibody was performed based on established procedures (Wilcock et al., 2003) . Three Tg mice aged 20, 21, and 24 months and two WT mice aged 5 and 8 months were anesthetized with 1.5% (v/v) isoflurane and placed in a stereotactic frame (Narishige, Tokyo, Japan). Using a 30 gauge needle connected to a 10 l Hamilton (Reno, NV) syringe, 1 l of mouse monoclonal antibody against the N-terminal portion of A␤ (6E10, 1 mg/ml; Signet Laboratories) and vehicle alone were injected into the right and left hippocampi, respectively (stereotactic coordinates: anteroposterior, Ϫ2.8 mm; mediolateral, 2.0 mm; dorsoventral, 3.0 mm from the bregma), over 2 min. The needle was thereafter raised by 1 mm, and injection of 1 l of the solution was repeated. A total of six PET scans using [
11 C]PIB and [
18 F]FE-DAA1106 (two tracers 1-2 d apart) were performed for each mouse at 1 or 2 weeks before and 1 and 2 weeks after the antibody injection. Mouse brains were thereafter dissected and histochemically examined with FSB and rabbit polyclonal antibody against ionized calcium-binding adapter molecule 1 (Iba-1; Wako Pure Chemicals, Osaka, Japan) recognizing microglia. The effects of the ID and specific radioactivity of [ 11 C]PIB on the sensitivity of amyloid detection were also studied. Three Tg mice (age, 19.7 Ϯ 1.5 months) underwent two PET scans 1-2 weeks apart, each conducted with either high-dose (31.2 Ϯ 5.1 MBq), high-specific radioactivity (ϳ200 GBq/mol) or low-dose (3.4 Ϯ 1.1 MBq), middle-specific radioactivity (ϳ20 GBq/mol) tracers. In the middle-specific radioactivity experiment, two mice received [ 11 C]PIB, which was kept at room temperature until its specific radioactivity had dropped to the assigned value, and one mouse was given an injection of the radiotracer (200 l) mixed with 0.5 g of cold PIB dissolved in 20 l of dimethylsulfoxide (DMSO). Moreover, the influence of varying the specific radioactivity alone was examined by scanning one 18-month-old Tg mouse administered with high (ϳ200 GBq/mol) and middle (ϳ20 GBq/mol) specific radioactivities and another 20-month-old Tg mouse with high, middle, and low (ϳ0.2 GBq/mol) specific radioactivities. The middle-and lowspecific radioactivity tracers were prepared by adding 0.5 and 50 g of cold PIB, respectively, in 20 l of DMSO to the radiotracer solution (200 l).
In vitro binding of [ 11 C] PIB to amyloid plaques and immunohistochemistry for N-and C-terminal heterogeneity of A␤. APP23 Tg mice at 23-31 months of age (n ϭ 5; age, 28.6 Ϯ 1.47 months) were killed by decapitation, and the brains were frozen and cut into 20-m-thick coronal sections by HM560 cryotome (Carl Zeiss). The sections were mounted on slide glass (Matsunami Glass, Osaka, Japan) and stored at Ϫ80°C pending analyses. Similarly, brain sections were obtained from a 23-monthold mouse expressing Swedish mutant APP under the control of hamster prion protein promoter, termed Tg2576 (Hsiao et al., 1996) , and an 8-month-old double-Tg mouse generated by crossbreeding Tg2576 mice with mice expressing A260V mutant presenilin-1 (PS-1) (Kametani et al., 2004) under the control of prion protein promoter. In addition, cortical brain sections were generated from the brain of a patient with definite AD (generously provided by Drs. J. Q. Trojanowski and V. M.-Y. Lee, University of Pennsylvania, Philadelphia, PA). Brain sections were incubated in 50 mM Tris-HCl buffer, pH 7.4, containing 5% ethanol and [
11 C]PIB (37 MBq/L, ϳ200 pM) at room temperature for 60 min. Nonspecific binding was determined in the presence of 10 M nonradioactive PIB. After the reaction, the samples were rinsed with ice-cold Tris-HCl buffer twice for 2 min and dipped into ice-cold water for 10 s. Autoradiograms were obtained as in the above-mentioned ex vivo autoradiography procedure.
After the radioactivity was allowed to decay, brain sections used for the autographic assay were fixed with 4% paraformaldehyde in PBS and either immunostained with a rabbit polyclonal antibody against A␤N3-pyroglutamate, N3(pE) (Saido et al., 1995) , or doubly immunolabeled with a rabbit polyclonal antibody against A␤40, Ter40, and a mouse monoclonal antibody against A␤42, 11C. Immunohistochemistry for subadjacent sections was also performed using a rabbit polyclonal antibody against the unmodified N terminus of A␤, N1D (Saido et al., 1995) ; a mouse monoclonal antibody against A␤40, 6A; and a rabbit polyclonal antibody against A␤42, Ter42.
Statistical analyses. All statistical examinations in the present study were performed by SPSS (Chicago, IL) software. For comparisons of radiotracer uptake among regions and between WT and Tg mice, we performed two-way, repeated-measures ANOVA. Correlations of two parameters were tested by the t statistic.
Results

Plaque labeling with intravenously injected [
11 C]PIB As a consequence of our continuous efforts to reduce nonradioactive byproducts in automated radiosynthesis and to efficiently use the single-pass I 2 method for generation of the reactive 11 Clabeled precursor (Suzuki et al., 1985; Noguchi and Suzuki, 2003; Zhang and Suzuki, 2005) , we were able to synthesize [
11 C]PIB with a specific radioactivity of 291 Ϯ 10.3 GBq/mol at the end of synthesis, which much exceeded those of previous small-animal PET studies (37-118 GBq/mol) Toyama et al., 2005) , and administered it to mice immediately after the radiosynthesis (Ͼ200 GBq/mol at the time of injection). We first assessed the pharmacokinetic profile of intravenously injected [
11 C]PIB in the WT mouse brains by ex vivo autoradiography (supplemental Fig. 1 A, B , available at www.jneurosci.org as supplemental material). Although the radiotracer accumulated rapidly in all brain areas, the intensity at 5 and 30 min after injection was relatively high in the subcortical white matter, basal ganglia, thalamus, and pons, similar to the findings in human PET studies for normal controls (Klunk et al., 2004; Price et al., 2005; Mintun et al., 2006) . These amyloid-unrelated signals were attenuated thereafter, and no apparent regional differences in radioactivity were noted at 60 min after the tracer injection (supplemental Fig.  1 A, B, available at www.jneurosci.org as supplemental material). In addition, no overt effects of age on the radiotracer level at 30 min were observed (supplemental Fig. 1C , available at www. jneurosci.org as supplemental material).
Ex vivo autoradiography of the brains of APP Tg mice at 30 min after the administration of [
11 C]PIB yielded high-contrast maps of putative plaques that were progressively increased with age ( Fig. 1 A) . Although faint signals were detected in the white matter of both WT and Tg mice, clusters of punctate labeling were found exclusively in the Tg neocortex and hippocampus. Indices of the radiotracer accumulation, both uncorrected (%ID/ ml) and corrected (%ID ⅐ kg/ml) for body weight, were particularly increased in these regions of the 21-month-old Tg mice compared with the age-matched WT mice ( Fig. 1 B, C) . The levels of tracer binding in the hippocampus and neocortex were also quantified by calculating the ratio of the regional radioactivity against the cerebellum, and a significant difference in the ratio between the two genotypes was observed ( Fig. 1 D) .
Fluorescence staining of the brain sections used for ex vivo autoradiography demonstrated excellent colocalization of radiotracer labeling with FSB-positive and A␤-immunoreactive amyloid plaques developed in the Tg mice (Fig. 1 E) . Detailed examination revealed that not only mature dense-core plaques but also small compact amyloid deposits produced increased radiotracer signals (Fig. 1 F, top) . It is also noteworthy that the intravenously injected radiotracer accumulated at a high level in the cerebrovascular amyloid ( Fig. 1 F, bottom). In the Tg mice aged 16 -31 months, tracer uptakes in the hippocampus and neocortex were elevated in tight association with age, in clear contrast with the poor correlation between age and cerebellar radiotracer level (Fig. 1G) . We also found a significantly close correlation between the load of FSB-stained amyloid and the level of [
11 C]PIB uptake in the hippocampus and neocortex of these Tg mice ( Fig. 1 H) , suggesting the ability of [ 11 C]PIB to quantitatively measure the amyloid burden in the living brain.
Visualization of amyloid deposition in living APP Tg mice by micro-positron emission tomography
We subsequently applied small-animaldedicated PET and MRI systems to precise mapping of radioligand in living mouse brains. MAP reconstruction of the data obtained by the micro-PET Focus 220 animal scanner (Siemens Medical Solutions USA) offered high-resolution images illustrating the distribution of [
11 C]PIB in the WT mouse brain (supplemental Fig. 2 A, available at www.jneurosci.org as supplemental material). PET images coregistered with MRI space generated by a 9.4 tesla AVANCE 400WB imaging spectrometer (Bruker BioSpin) indicated high-level uptake of the tracer in the thalamus, pons, and cerebellar white matter, followed by a lower level in the basal ganglia, early in the emission scan. Such regional differences were gradually reduced and had almost disappeared at 60 min after the tracer injection (supplemental Fig. 2 A-C, available at www.jneurosci.org as supplemental material).
Consistent with our ex vivo findings, radioactive signals in the PET images at A, Binding of the radiotracer to putative amyloid plaques primarily located in the neocortex and hippocampus of Tg mice. Images were obtained 30 min after tracer administration. Top and bottom panels represent coronal images at 2 and 7 mm posterior to the bregma, respectively. mo, Month. B, C, Levels of radiotracer at 30 min after injection in the hippocampus, neocortex, and cerebellum of APP Tg (filled bars; n ϭ 4; age, 21.0 Ϯ 0.51 months) and age-matched WT (open bars; n ϭ 5; age, 19.0 Ϯ 1.0 months) mice, indicated as %ID/ml (B) and %ID ⅐ kg/ml (C). There were significant main effects of brain regions and genotypes on both %ID/ml (region, F (2,12) ϭ 16.6, p Ͻ 0.01; genotype, F (1,6) ϭ 14.7, p Ͻ 0.01; 2-way, repeated-measures ANOVA) and %ID ⅐ kg/ml (region, F (2,12) ϭ 33.9, p Ͻ 0.001; genotype, F (1,6) ϭ 54.3, p Ͻ 0.001; 2-way, repeated-measures ANOVA). D, Target-to-cerebellum ratio of radiotracer levels in the hippocampus and neocortex. The ratio was significantly increased in Tg mice (filled bars) relative to WT mice (open bars) (significant main effect of genotype; F (1,6) ϭ 17.0; p Ͻ 0.01; 2-way, repeatedmeasures ANOVA). E, Coronal brain section (at 2 mm posterior to the bregma) obtained from a 20.2-month-old Tg mouse. An ex vivo autoradiographic image (top left) depicts radiotracer distribution at 30 min after intravenous administration. The same sections were subsequently stained with a fluorescent amyloid dye, FSB (bottom left). Merged images (top right) explicitly demonstrate intense accumulation of radiotracer in close association with amyloid plaques. The sections were finally immuno-30 -60 min after the administration of [
11 C]PIB were notably intensified in the hippocampus and neocortex of Tg mice (Fig. 2) . The contrast between the WT and Tg mice was recognizable at 17 months of age and became more pronounced with increasing age. Unlike amyloid-rich regions, the cerebellum and pons consistently exhibited low-level signals in both genotypes. The cerebellar time-radioactivity curves corrected for body weight (%ID ⅐ kg/ml) in 21-month-old Tg and age-matched WT mice resembled each other (Fig. 3A) , whereas those in the hippocampus (Fig. 3B ) and neocortex ( Fig. 3C ) of Tg mice were clearly distinguishable from those of WT mice. It is notable that Tg mice exhibited increased levels of radiotracer retention determined as %ID ⅐ kg/ml compared with WT mice, notwithstanding the fact that the average body weight of Tg mice was significantly smaller than that of WT mice (25.7 g vs 31.7 g; p Ͻ 0.05, t test). The difference in radiotracer binding between Tg and WT mice was more explicitly displayed by plotting target-to-cerebellum ratios of the radioactivity over the scan time (Fig. 3 D, E) . We also examined the radioligand binding by calculating the binding potential (combined measure of density of target molecules and affinity of the tracer) using the cerebellar time-radioactivity curve as a reference (Fig. 3F ) . The binding potential values estimated by the simplified reference tissue model (Lammertsma et al., 1996) were prominently increased in the hippocampus and neocortex of Tg mice compared with those in WT controls. A similar result was obtained by determining the binding potential based on the multilinear reference tissue model (Ichise et al., 2003) (data not shown).
The relationship between binding potential and amyloid accumulation was more extensively analyzed by collecting PET data from Tg mice aged 17-29 months (Fig. 4 A, B) . Radiotracer binding in the hippocampus and neocortex was significantly correlated with age, in line with the progression of amyloidogenesis in these areas. It is of particular significance that the time course of plaque formation in five Tg mice could be pursued by longitudinal PET experiments (Fig. 4 A, B , red lines and symbols; representative image data are shown in Fig. 4C,D) .
We also compared binding potential values determined by the simplified reference tissue model with distribution volume ratios calculated by Logan's graphical analysis with substitution of cerebellar data in place of arterial input function (Logan et al., 1996) to validate the use of reference tissue models for estimation of radiotracer binding in the mouse brains. The data obtained from all mice undergoing [ 11 C]PIB PET scans demonstrated that the [binding potential ϩ 1] values were highly consistent with the distribution volume ratios for a reasonably broad range of radiotracer accumulation levels (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material), and thus both compartmental and graphical methods are considered to be applicable to the kinetic analysis for 60 min dynamic [
11 C]PIB PET data in mice. The potential utility of the present imaging system in assessing amyloid levels along the time course of anti-amyloid treatment was also supported by our multiscan, multitracer PET analysis of Tg mice before and 1 and 2 weeks after intrahippocampal injection of anti-A␤ antibody for the purpose of passive A␤ immunization (Wilcock et al., 2003) . PET scans of the same individual with [
11 C]PIB clearly indicated progressive decline of hippocampal amyloid triggered by the local administration of anti-A␤ antibody (Fig. 5A) , in clear contrast to the prominent neuroinflammation induced by injected antibody, as monitored by positron emission tomography with [
18 F]FE-DAA1106 (Fig. 5B) . In vivo radiolabeling of amyloid in the antibody-injected hippocampus, estimated as the binding potential for [
11 C]PIB, was consistently reduced over the time course in all three treated mice (Fig. 5C) . Similarly, a notable decrease in the ratio between [
11 C]PIB radioactivities in the antibody-and vehicle-injected hippocampi was observed (mean Ϯ SE; 1.05 Ϯ 0.02, 0.96 Ϯ 0.01, and 0.88 Ϯ 0.01 before and 1 and 2 weeks after treatment, respectively; F (2,4) ϭ 121.47 and p Ͻ 0.001 for the main effect of time by repeatedmeasures ANOVA). In contrast, the right/left ratio of the PBR level indicated marked activation of glial cells in the antibodytreated hippocampus (Fig. 5D, left) . Significantly, the magnitude of neuroinflammatory responses to antibody injection was well correlated with the amount of amyloid (Fig. 5D, right) . The therapeutic efficacy of A␤ immunization was confirmed by direct microscopic examination of dissected brains, because marked reduction in amyloid load (Fig. 5 E, F,I ) and increase in hypertrophic microglia (Fig. 5G,H ) were demonstrated. The difference in mean values of amyloid burden between the antibody-injected 4 stained with anti-A␤ antibody 6E10, and spatial concordance between intense radioactive signals and A␤-immunoreactive plaques were confirmed (bottom right). F, High-power view of the autoradiographic image overlaid on FSB fluorescence in the neocortical (top panel) and thalamic (bottom panel) regions of the mouse brain shown in E (indicated by red and green squares, respectively). Arrows indicate vascular amyloid. G, Age-associated increase in radiotracer binding in the hippocampus and neocortex of Tg mice (n ϭ 6; age, 21.9 Ϯ 2.0 months; range, 16.3-31.1 months). The correlation between age and radiotracer binding was significant in these plaque-bearing regions (hippocampus, R 2 ϭ 0.76 and p Ͻ 0.01 by t test; neocortex, R 2 ϭ 0.77 and p Ͻ 0.01 by t test), in contrast to the cerebellar levels of the tracer unrelated to age (R 2 ϭ 0.08; p Ͼ 0.05, t test). H, Scatterplot of radiotracer uptake versus amyloid burden (indicated as percentage of target brain area) in the hippocampus and neocortex of Tg mice (n ϭ 6; age, 21.9 Ϯ 2.0 months; range, 16.3-31.1 months), with the correlation of the two parameters being statistically significant in both regions (R 2 ϭ 0.96 and 0.97 for hippocampus and neocortex, respectively; p Ͻ 0.01, t test). Solid, dotted, and dashed lines in the graphs represent regressions for the hippocampus, neocortex, and cerebellum, respectively. Error bars represent SE. Hi, Hippocampus; NC, neocortex; Ce, cerebellum. and untreated hippocampi was 28.1%, which was in good agreement with the mean decline (34.4%) of binding potential in the PET analysis with [ 11 C]PIB over the period of 2 weeks. In contrast to Tg mice, passive A␤ immunization did not increase the levels of [
18 F]FE-DAA1106 accumulation in WT mouse brains (supplemental Fig. 4 A, B , available at www.jneurosci.org as supplemental material), supporting the association between initial A␤ burden and antibody-induced neuroinflammation. Finally, the preincubation of Tg brain sections with anti-A␤ antibody (experimental procedure is described in supplemental Methods, available at www.jneurosci.org as supplemental material) did not markedly attenuate the in vitro radiolabeling of amyloid plaques with [
11 C]PIB (supplemental Fig. 4C ,D, available at www. jneurosci.org as supplemental material), and therefore intracranially injected antibody is unlikely to interfere with the binding of radiotracer to amyloid lesions. This observation is consistent with our in vivo PET data showing decline of [ 11 C]PIB binding between 1 and 2 weeks after antibody injection despite probable washout of antibody from the brain during this period.
Effects of specific radioactivity of [ 11 C]PIB on amyloid detection
Because the present dose and specific radioactivity of [
11 C]PIB administered to mice were higher than those in previous studies Toyama et al., 2005) , we postulated that these parameters likely affected the sensitivity of plaque detection in Tg mouse brains. Accordingly, PET scans were performed for the same animal by varying the ID and specific radioactivity, as exemplified in the case given two PET scans 1 week apart (Fig.  6 A-D) . Lowering the ID of the radiotracer and reducing its specific radioactivity by the addition of cold ligand resulted in profound loss of signal-to-noise ratio and reduction in binding potential in the hippocampus and neocortex (Fig. 6 E) , along with insensitivity for detecting moderately intense clustered amyloid plaques, as was confirmed by ex vivo autoradiography and histochemical assay performed 1 week after the second PET measurement (Fig. 6C,D) . Similarly, two other cases also exhibited a significant decline in binding potential when injected with tracer, the radioactivity concentration of which was diminished in advance by radioactive decay over ϳ1.5 h. In addition, another series of Tg mice undergoing multiple PET scans 1-2 weeks apart demonstrated that attenuation of binding potential also occurred by decreasing the specific radioactivity of the tracer from ϳ200 to ϳ20 GBq/mol while the ID was fixed at ϳ30 MBq (Fig. 6 E) , although additional decline of specific radioactivity to ϳ0.2 GBq/ mol did not induce further dramatic reduction in binding potential (Fig. 6 E) . Taking these observations together, it is likely that detection of relatively immature amyloid lesions, which are diffusely distributed in the mouse forebrain, is highly sensitive to the specific radioactivity of [ 11 C]PIB in a range from 20 to 200 GBq/mol, and a subset of mouse plaques, which are large in size and/or form dense clusters, can be captured by micro-positron emission tomography regardless of the specific radioactivity if it ranges from 0.2 to 200 GBq/mol.
Association between [
11 C]PIB binding to amyloid and N-and C-terminal heterogeneity of A␤ To assess differences in the binding of [ 11 C]PIB between AD patients and APP Tg mice, we conducted a comparative in vitro autoradiographic analysis of postmortem AD brain and several different strains of Tg mice, including APP23, Tg2576, and PS-1/ APP double-Tg mice (Figs. 7, 8 , first and second columns from the left). Although the brains of APP23 and Tg2576 mice at 23 months of age exhibited intense radiolabeled spots, the abundance of [ 11 C]PIB-labeled plaques in these animals was much lower than that in the AD brain. Moreover, amyloid plaques in the brain of an 8-month-old PS-1/APP Tg mouse were not intensely radiolabeled with [
11 C]PIB compared with other brain samples. We then measured the amounts of soluble and insoluble A␤ species in these mouse brain tissues by sandwich ELISA (experimental procedure is described in supplemental Methods, available at www. jneurosci.org as supplemental material). The highest levels of detergent-and formic acid-extractable A␤ were observed in the APP23 mouse, and the amounts of such insoluble A␤ in Tg2576 and PS-1/ APP Tg mice were comparable to each other (supplemental table, available at www.jneurosci.org as supplemental material). Thus, the intensity of [ 11 C]PIB radiolabeling was not simply correlated with the levels of insoluble A␤.
In search of specific A␤ subtypes intimately related to the accumulation of [ 11 C]PIB, the brain sections used for in vitro autoradiography were immunostained with antibodies against A␤40 and A␤42. In the mouse brains, radioactive signals were colocalized with amyloid plaques that were doubly positive for A␤40 and A␤42, whereas the vast majority of plaque lesions in the AD brain were A␤40 negative and A␤42 positive (Fig. 7) . These findings led to the supposition that C-terminal heterogeneity of A␤ may not be critically responsible for the formation of [
11 C]PIB binding sites. We also immunohistochemically examined N-terminal modification of A␤ using autoradiography sections (Fig. 8 A-T ) (Fig. 8U,W ) .
To assess whether A␤N3-pyroglutamate provides primary binding components for ]PIB to fibrils of A␤N3-pyroglutamate and A␤N1D assembled in the same condition (experimental procedure is given in supplemental Methods, available at www. jneurosci.org as supplemental material). High-level binding of ligands to A␤N3-pyroglutamate compared with A␤N1D was observed using [ 11 C]PIB at subnanomolar to nanomolar concentrations, which are equivalent to those in PET studies (supplemental Fig. 5A , available at www.jneurosci.org as supplemental material), and a two-site model applied to Scatchard plot demonstrates that B max and B max /K D for the high-affinity component formed in A␤N3-pyroglutamate are five and four times larger than those in A␤N1D, respectively (supplemental Fig. 5B , available at www.jneurosci.org as supplemental material). 
Discussion
The present work provides the first explicit evidence that an imaging probe, which has been applied in humans, is capable of noninvasively visualizing amyloid accumulation in living animal models. This permits a comparative evaluation of amyloidogenic processes in humans and mice using the same quantitative indices and thus assists the mechanistic understanding of amyloid pathogenesis in both species. In addition, the utility of a longitudinal PET study in quantitatively assessing alterations of amyloid levels as a function of age and in response to treatment is demonstrated for the first time, suggesting that amyloid imaging technology can successfully serve as an objective diagnostic and outcome measure for preclinical and clinical research. It is also noteworthy that the high-affinity binding sites in mouse amyloid that are much less abundant than those in human senile plaques could be captured by radiotracer with high specific radioactivity. Because the high-affinity component is the putative major source of radioactive signals in human PET studies, our strategies to increase specific radioactivity may contribute to the establishment of an animal system for predicting radiotracer binding in AD brains.
Because PET measurements require a very small amount of imaging agent compared with nonradioactive approaches, our current methodology offers a safe tool for monitoring brain amyloid in mice without overt toxicity. This advantage is also of particular significance, because prominent pharmacological effects of injected amyloid-binding tracers on the formation of amyloid (Lee, 2002; Masuda et al., 2006) are unlikely in PET studies. In fact, the regression slope in the scatterplot for measured amyloid levels against age (Fig. 4 A, B) did not differ between mice undergoing single-and two-scan protocols (e.g., 0.060 and 0.061 per month, respectively, in the hippocampus). Thus, the present observations suggest that PET imaging of amyloid permits robust preclinical evaluation of therapeutic strategies for modifying the pathological course of AD and potentially provides a quantitative outcome measure of such treatments in clinical trials.
As confirmed here, the benefits of a multiscan, multitracer PET study in the same individual include a high statistical power, and the analysis of three Tg mice was indeed sufficient to statistically examine the effects of A␤ immunization on amyloid load and inflammatory response (Fig. 5C,D) . Moreover, the nearsimultaneous use of two different radiotracers, [
18 F]FE-DAA1106, has revealed that the magnitude of glial activation after immunization is closely associated with the amount of A␤ amyloid. Excessive neuroinflammation may induce neurotoxic insults, as exemplified by the occurrence of meningoencephalitis in those who received A␤ vaccination (Nicoll et al., 2003; Orgogozo et al., 2003) . Additionally, our recent investigation in a mouse model of neurofibrillary tangles using tritiated DAA1106 has indicated that microglial overactivation in AD and other tauopathy brains could lead to accelerated tau pathogenesis and neuronal loss (Yoshiyama et al., 2007) . Hence, the present result implies that therapeutic intervention should be initiated at an unadvanced stage of amyloid pathology to minimize adverse effects and supports the utility of [
18 F]FE-DAA1106 in conjunction with [
11 C]PIB in optimizing treatment protocols. The present data also indicate that the specific radioactivity of the radioligand significantly contributes to the detectability of amyloid lesions developed in mouse brains by increasing amyloid-specific signals relative to the background associated with free and nonspecifically bound tracers. Our in vitro autoradiographic assay demonstrated a substantial difference in the intensity of [
11 C]PIB radiolabeling between the brains of AD patient and APP Tg mouse strains, in line with the indication by a previous study that the concentration of specific binding sites available (B max ) in mice doubly transgenic for PS-1 and APP at 6 -15 months of age is much lower than that in AD brains. From the present work, we can assume that amyloidrelated-specific signals are detectable if they exceed 10 -20% of the background, and given that the B max value in PS-1/APP double-Tg mice is 1000-fold lower than that in AD patients, as estimated previously , the threshold of the specific radioactivity for sensitive detection of amyloid in these mice (producing a bound-to-free ratio Ͼ0.2) exists at ϳ74 GBq/ mol, according to calculation using the following parameters: B max in AD brains, ϳ1 M; dissociation constant (K D ) for PIB, ϳ1 nM; ID of Tg mice used for crossbreeding with Tg2576 mice in our study differ from the pre-established line (Duff et al., 1996; Klunk et al., 2005) , it is conceivable that the detection threshold for amyloid in APP23 mice at 17-30 months of age is somewhat lower than 74 GBq/mol. Notwithstanding this consideration, the present in vivo data (Fig. 6) provide evidence that the detectability of APP23 mouse amyloid is highly sensitive to the specific radioactivity (20 -200 GBq/mol) of the tracer (except for a subset of A␤ deposits such as large-sized, dense-cored plaques). Likewise, detection of amyloid aggregates in Tg2576 mice may also be facilitated by using [
11 C]PIB with high specific radioactivity. Toyama et al. (2005) documented that levels of radiotracer accumulation in Tg2576 and WT mice at 22 months of age were comparable, whereas the same research group has more recently reported increased retention of radiotracer (specific radioactivity, ϳ20 GBq/ mol) in the neocortex of older (Ͼ28 months) Tg mice (Cai et al., 2006) . This finding is in agreement with the indication from our data that the intensity of in vitro radiolabeling of amyloid deposits in 23-month-old Tg2576 mice does not greatly differ from that in age-matched APP23 mice (Figs. 7, 8) , suggesting that the threshold of specific radioactivity for sensitive detection of amyloid in Tg2576 mice at this age exists at 20 -50 GBq/mol.
Our comparative analysis of human and mouse brain tissues supports the notion that the total amounts of insoluble A␤ in the brain do not necessarily correlate with the accumulation of [ 11 C]PIB measured by positron emission tomography , whereas molecular elements responsible for the formation of PIB binding sites, possibly including certain A␤ subtypes, non-A␤ components of amyloid, and secondary structures of A␤ fibrils, are yet to be identified. A␤N3-pyroglutamate, however, is one of the strong candidates for a primary constituent of high-affinity PIB binding sites, based on our present combined autoradiographic and immunohistochemical investigations (Fig. 8) . In contrast to the fact that A␤N3-pyroglutamate is a major component of human A␤ amyloid (Saido et al., 1995) , it was biochemically demonstrated that this A␤ subtype is not abundant in Tg2576 mice despite high-level deposition of insoluble, N-terminally unmodified A␤ and is detectable only when these animals became older than 23 months (Kawarabayashi et al., 2001) , in general accord with our histological results. Because similar findings were also obtained by other research groups (Güntert et al., 2006) , the levels of A␤N3-pyroglutamate are likely to provide a plausible explanation for the difference in [ 11 C]PIB binding between humans and mice. A␤N3-pyroglutamate is thought to be generated via an auxiliary enzymatic pathway involving monopeptidyl and dipeptidyl aminopeptidases and thus is a slow process closely dependent on aging unless the major pathway of A␤ degradation mediated by endopeptidases is fundamentally disturbed. We therefore postulate that acceleration of A␤ production as exemplified by PS-1/APP double-Tg mice may not promote development of "AD-like" plaques enriched with A␤N3-pyroglutamate and PIB binding sites and that it is still required for these mice to age to be useful animal models of amyloidosis suitable for in vivo PET imaging. Moreover, in vitro experiments revealed that A␤N3-pyroglutamate has a greater propensity to form amyloid aggregates compared with unmodified A␤ species, acting as a seed in the formation of A␤ fibrils (He and Barrow, 1999; Schilling et al., 2006) , which implies that intensification of A␤ amyloid toward mature aggregates containing highly concentrated PIB binding sites is accelerated in the presence of A␤N3-pyroglutamate. Our pilot in vitro binding assay using synthetic filaments assembled from A␤N3-pyroglutamate and A␤N1D has demonstrated that specific binding of [ 11 C]PIB at subnanomolar to nanomolar concentrations to A␤N3-pyroglutamate fibrils exceeded that to A␤1-42 by fourfold to fivefold (supplemental Fig. 5 , available at www.jneurosci.org as supplemental material), providing additional evidence for the contribution of A␤N3-pyroglutamate to the primary PIB binding sites. It is noteworthy that A␤N3-pyroglutamate fibrils contain more high-affinity binding sites than do A␤N1D fibrils assembled in the same condition, suggest- 11 C]PIB (low-power and high-power autoradiograms are shown in the first and second columns from the left, respectively), and thereafter doubly immunostained for A␤40 (red in the third column) and A␤42 (green in the third column) with polyclonal anti-A␤40 and monoclonal anti-A␤42 antibodies. Colocalization of radiolabeling with A␤40 and A␤42 was assessed by merging autoradiograms with immunohistochemical data (shown in the fourth column). Similar double-immunofluorescence staining was obtained by using monoclonal anti-A␤40 and polyclonal anti-A␤42 antibodies (data not shown). Red squares indicate areas shown in magnified images.
ing the significance of A␤N3-pyroglutamate as a major source of target structures for [ 11 C]PIB synthesized with high specific radioactivity is also potentially useful for human PET imaging. The threshold of specific radioactivity for the detection of AD amyloid is estimated to be ϳ0.1 GBq/mol, based on calculation with the following parameters: B max in AD brains, ϳ1 M; K D for PIB, ϳ1 nM; ID of [ 11 C]PIB, ϳ370 MBq; levels of [ 11 C]PIB in the brain at 60 min, ϳ0.002%ID/ml. Accordingly, specific radioactivity in the common range for clinical PET studies (ϳ37 GBq/mol) is unlikely to significantly affect the contrast between specific and background signals in AD patients. However, detectability of A␤ aggregates at earlier stages of AD pathogenesis may critically depend on the specific radioactivity of the tracer, provided that the concentration of PIB binding sites in this state between normal aging and prodromal dementia is markedly low compared with that in MCI and AD brains. This presumption could also be related to the previous finding that A␤N3-pyroglutamate in cored plaques is less abundant in brains showing earlier Braak stages (Güntert et al., 2006) . Our present work thus suggests that pathological amyloidosis in nondemented subjects would be imaged by [ 11 C]PIB with high specific radioactivity and be more sensitively captured by a radioligand optimized using the animal PET imaging system proposed here.
Although several technical aspects need to be further improved, such as the spatial resolution of the scanner (ϳ1.5 mm) (Tai et al., 2005) , our results rationalize the use of micro-positron emission tomography for elucidating molecular regulators of amyloid deposition and for proving concepts regarding the mechanisms of emerging approaches for therapeutic interventions (Dodel et al., 2003; Scarpini et al., 2003) . This in vivo system also offers an efficient strategy to preclinically compare pharmacokinetic properties of multiple candidate amyloid probes in the same individual. In such a study, the distinct nature of amyloid aggregates in humans and mice is likely overcome by sensitively capturing the high-affinity components in mouse plaque using high-specific radioactivity ligands, allowing the findings in mice to be extrapolated to humans.
